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This paper deals with constitutive modeling and numerical sim-
ulation of the elastic response of rubber-like materials subjected to
swelling. We focus on the semi-dilute regime of swelling when de-
gree of swelling Q (volume of solvent per unit volume of a dry elas-
tomer) is of order of unity and diffusion is the main mechanism of
solvent transport.
Analysis of swelling of elastomers under loading has a long his-
tory that goes back to the seminal paper by Flory and Rehner
(1943). Recent attention to this problem is explained by growing
interest to mechanical and physical properties of hydrogels that
demonstrate potential for a wide range of applications including
biomedical devices, drug delivery carriers, scaffolds for tissue engi-
neering, ﬁlters and membranes for selective diffusion, sensors for
on-line process monitoring, soft actuators, and smart optical sys-
tems (Stuart et al., 2010; Deligkaris et al., 2010; Messing and
Schmidt, 2011; Buenger et al., 2012).
The effects of mechanical loading on the kinetics of swelling of
hydrogels have been investigated in a number of experimental
studies, see Urayama and Takigawa (2012) for a brief review. Con-
stitutive models for elastomers subjected to swelling have recently
been developed by Dolbow et al. (2004), Hong et al. (2008), Hong
et al. (2009), Doi (2009), Duda et al. (2010), Chester and Anand
(2010), Chester and Anand (2011), Baek and Pence (2011),Yanll rights reserved.
Technology, Danish Techno-
mark. Tel.: +45 72 20 31 42;
).and Jin (2012), Cai and Suo (2012), Bouklas and Huang (2012)
and Lucantonio et al. (2013), to mention a few.
In the present study, we adopt a conventional approach and
treat a rubber-like material as an elastic medium (a permanent
network of chains). The latter does not exclude, however, that its
mechanical behavior demonstrates viscoelastic and viscoplastic
properties. Due to diffusion of ﬂuid inside (outside) an elastomer
immersed into a solvent and subjected to tension (compression),
its response becomes time-dependent [which is observed in relax-
ation and creep tests (Choi et al., 2007; Kalyanam et al., 2009;
Zhang et al., 2010; Lou et al., 2012)], and rate-dependent [which
is conﬁrmed by experimental data in tensile tests with various
strain rates (Konda et al., 2011)]. For a discussion of constitutive
models that accounts for viscoelasticity of swollen elastomers
explicitly (for example, by allowing chains in the polymer network
to rearrange), we refer to Hui and Long (2012) and Chester (2012).
Although constitutive equations for the mechanical behavior of
elastomers subjected to swelling have been rigidly established,
they reveal modest agreement with experimental data. For exam-
ple, for the neo–Hookean model, large deviations between theoret-
ical predictions and observations in uniaxial tensile tests were
reported by Johnson and Mark (1972), de Candia (1972), Fontaine
et al. (1989a), and Fontaine et al. (1989b), to mention a few. The
latter may be explained by the fact that conventional expressions
for strain energy density of a polymer network (that describe cor-
rectly stress–strain diagrams under volume preserving deforma-
tions) fail to predict the elastic response of rubber-like materials
suffering ﬁnite volume changes.
The objective of this work is twofold: (i) to develop a novel
expression for the strain energy density of a polymer network that
accounts for its volumetric deformation induced by swelling, and
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rate-dependent phenomena in swollen elastomers.
The exposition is organized as follows. Constitutive equations
for the mechanical response of rubber-like materials subjected to
swelling under an arbitrary three-dimensional deformation with
ﬁnite strains are discussed in Section 2, where it is shown that con-
ventional models grounded on the separability principle (Sec-
tion 2.4) describe poorly observations on dry and totally swollen
elastomers. A new form of strain energy density is developed in
Section 3 based on the Flory concept of polymer networks with
constrained junctions (Flory, 1977). An advantage of the proposed
expression is that it is relatively simple for theoretical analysis, in-
volves two adjustable parameters only, and allows changes in elas-
tic moduli induced by swelling to be described quantitatively. The
inﬂuence of strain rate on solvent uptake and stress–strain dia-
grams of swollen elastomers subjected to uniaxial tension (com-
pression) is analyzed numerically in Section 4. Concluding
remarks are formulated in Section 5.
2. Constitutive equations for an elastomer subjected to swelling
An elastomer immersed into a solvent bath is treated as a two-
phase continuum composed on a polymer network and solvent
molecules diffusing through the network and inducing its swelling.
Denote by F deformation gradient for transition from the reference
conﬁguration of the elastomer (in its dry undeformed state) into
the actual conﬁguration. Both polymer network and solvent are
presumed to be incompressible, which means that
detF ¼ 1þ vcr; ð1Þ
where cr stands for number of solvent molecules per unit volume of
an elastomer in its reference conﬁguration, and v denotes volume of
a solvent molecule. Although we use the term ‘‘molecule’’, cluster-
ing of solvent molecules (Du et al., 2012) is not excluded, which
means that a ‘‘molecule’’ means here a cluster of molecules that dif-
fuse jointly through an elastomer, and v stands for its characteristic
volume (which exceeds strongly volume of a solvent molecule). The
incompressibility assumption (1) for solid and ﬂuid phases of a
swollen elastomer represents the conventional standpoint. Consti-
tutive models grounded on other hypotheses were proposed by
Dolbow et al. (2004) and Cai and Suo (2012).
2.1. Kinematic relations
Kinematic relations are derived following the approach sug-
gested by Chester and Anand (2010). Macro-deformation of an
elastomer subjected to swelling is treated as a superposition of
two processes: (i) an increase in speciﬁc volume (swelling) due
to solvent transport, and (ii) volume-preserving deformation of a
polymer network. This leads to the multiplicative decomposition
of the deformation gradient for macro-deformation
F ¼ Fn  Fs; ð2Þ
where the dot stands for inner product (in the component form,
Fij ¼ Fn imFs mj, where summation over m is presumed). The defor-
mation gradient
Fs ¼ ksI; ð3Þ
where I is the unit tensor, and
ks ¼ ð1þ vcrÞ
1
3; ð4Þ
describes swelling of the network, and the deformation gradient Fn
with
detFn ¼ 1 ð5Þcharacterizes isochoric deformation of the polymer network. Differ-
entiation of Eq. (2) with respect to time t implies that
_F ¼ _Fnks þ Fn _ks: ð6Þ
It follows from Eqs. (2), (3), (6) that
L ¼ Ln þ
_ks
ks
I; ð7Þ
where
L ¼ _F  F1; Ln ¼ _Fn  F1n ð8Þ
denote velocity gradients. Insertion of Eq. (4) into (7) results in
L ¼ Ln  v
_cr
3ð1þ vcrÞ I; D ¼ Dn 
v _cr
3ð1þ vcrÞ I; ð9Þ
where
D ¼ 1
2
ðL þ L>Þ; Dn ¼ 12 ðLn þ L
>
n Þ
stand for the rate-of-strain tensors.
Denote by Bn and Cn the Cauchy–Green tensors for deformation
of the polymer network
Bn ¼ Fn  F>n ; Cn ¼ F>n  Fn; ð10Þ
where > stands for transpose. Differentiating Eq. (10) with respect
to time and using Eq. (8), we ﬁnd that
d
dt
Bn ¼ Ln  Bn þ Bn  L>n ;
d
dt
B1n ¼ B1n  Ln  L>n  B1n : ð11Þ
The ﬁrst two principal invariants J1n and J2n of the Cauchy–Green
tensors are given by
J1n ¼ Bn : I; J2n ¼ B1n : I; ð12Þ
where the colon stands for convolution. Their third principal invari-
ant J3n equals unity.
It follows from Eqs. (11) and (12) that
_J1n ¼ 2B0n : Dn; _J2n ¼ 2ðB1n Þ0 : Dn; ð13Þ
where the prime stands for the deviatoric component of a tensor,
and we use the fact that Dn is a traceless tensor.
2.2. Diffusion of solvent
The surface element NdA with unit normal N in the actual con-
ﬁguration is connected with the surface element NrdAr with unit
normal Nr in the reference conﬁguration by the equation
NdA ¼ ð1þ vcrÞF>  NrdAr ¼ ð1þ vcrÞNr  F1dAr: ð14Þ
Let j and jr denote solvent ﬂux vectors in the actual and reference
conﬁgurations, respectively (number of solvent molecules moving
through the unit area per unit time). Keeping in mind that
N  jdA ¼ Nr  jrdAr; ð15Þ
we ﬁnd from Eq. (14) that
jr ¼ ð1þ vcrÞF1  j: ð16Þ
Denote by ~l chemical potential per molecule of solvent. The chain
rule for differentiation implies that
$r ~l ¼ $ ~l  F ¼ F>  $ ~l: ð17Þ
We adopt the standard equation for solvent diffusion in the actual
conﬁguration
j ¼  Dc
kBTv
$ ~l; ð18Þ
1496 A.D. Drozdov, J.deC. Christiansen / International Journal of Solids and Structures 50 (2013) 1494–1504where T is the absolute temperature, kB is Boltzmann’s constant, D
stands for diffusivity, and
c ¼ vcr
1þ vcr ð19Þ
denotes concentration of solvent in the actual conﬁguration. Inser-
tion of Eqs. (17)–(19) into Eq. (16) results in
jr ¼ 
Dcr
kBT
F1  $r ~l  F1: ð20Þ
The mass conservation law for solvent ﬂow reads
_cr ¼ $r  jr: ð21Þ
Combination of Eqs. (20) and (21) results in the nonlinear equation
for diffusion of solvent
_cr ¼ DkBT $r  crF
1  $r ~l  F1
 
: ð22Þ2.3. Stress–strain relations
Denote by Tr the ﬁrst Piola–Kirchhoff tensor and by T the Cau-
chy stress tensor. It follows from the equality
Nr  TrdAr ¼ N  TdA ð23Þ
and Eq. (14) that
Tr ¼ ð1þ vcrÞF1  T: ð24Þ
The kinetic equation for free energy imbalance reads (Chester and
Anand, 2010)
_wr  Tr : _F ~l _cr þ jr  $r ~l 6 0; ð25Þ
where wr stands for the speciﬁc free energy per unit volume in the
reference conﬁguration. The quantity wr is presumed to be a func-
tion of the ﬁrst two principal invariants of the Cauchy–Green ten-
sors and concentration of solvent
wr ¼ wrðJ1n; J2n; crÞ: ð26Þ
Bearing in mind that
Tr : _F ¼ ð1þ vcrÞT0 : Dn  13v _crtrðTÞ; ð27Þ
where tr denotes the ﬁrst principal invariant of a tensor, we re-
write Eq. (25) in the form
_wr  ð1þ vcrÞT0 : Dn  l _cr þ jr  $r ~l 6 0; ð28Þ
where
l ¼ ~lþ 1
3
vtrðTÞ: ð29Þ
It follows from Eq. (13) and the chain rule of differentiation that the
derivative of function (26) is given by
_wr ¼ 2ðwr;1Bn  wr;2B1n Þ0 : Dn þ wr;3 _cr; ð30Þ
where wr;m denotes derivative of wr with respect to its mth argu-
ment. Substitution of Eqs. (20) and (30) into Eq. (28) results in
2ðwr;1Bn  wr;2B1n Þ  ð1þ vcrÞT
h i0
: Dn þ ðwr;3  lÞ _cr 
Dcr
kBT
ðF1  $r ~lÞ  ðF1  $r ~lÞ 6 0: ð31Þ
Inequality (31) is satisﬁed for an arbitrary deformation, provided
that the Cauchy stress tensor reads
T ¼ PIþ 2
1þ vcr ðwr;1Bn  wr;2B
1
n Þ0; ð32Þwhere P stands for an unknown pressure, and
l ¼ wr;3:
This equality together with Eqs. (29) and (32) implies that
~l ¼ Pv þ wr;3: ð33Þ
Given a speciﬁc free energy wr in the form (26), Eqs. (32) and (33)
provide stress–strain relations for an elastomer subjected to swell-
ing with ﬁnite deformations.
2.4. Free energy density
To close the constitutive equations, an expression should be
introduced for the speciﬁc free energy wr. The free energy density
of a swollen elastomer is conventionally presumed to be equal to
the sum of the speciﬁc free energy of a polymer network and the
energy of mixing of solvent molecules with long (the number of
monomers in each molecule is large compared with unity) polymer
chains
wr ¼ wnet þ wmix: ð34Þ
With reference to the Flory–Huggins theory of mixing, the latter
term is presented in the form (Hong et al., 2008; Hong et al., 2009)
wmix ¼ kBT cr ln
vcr
1þ vcr þ
vcr
1þ vcr
 
; ð35Þ
where v denotes the Flory–Huggins parameter.
Although we utilize Eq. (35) in this study, it should be men-
tioned that this equation does not ensure an acceptable agreement
with observations on hydrogels (Durning and Morman, 1993; Lou
et al., 2012; Cai and Suo, 2012). The simplest way to improve this
agreement is to multiply the right-hand side of Eq. (35) by a
dimensionless coefﬁcient (Lou et al., 2012). We choose a similar
approach and treat volume of a solvent cluster v as a parameter
to be found by matching experimental data. More sophisticated
reﬁnements of Eq. (35) are grounded on replacement of this equa-
tion with its nonlinear analog (Durning and Morman, 1993) and
introduction of terms proportional to the square of concentration
gradient (Zhou et al., 2010). Conventional expressions for wnet are
based on the separability principle which presumes the strain en-
ergy density of a polymer network to be presented as the sum of
two components
wnet ¼ w1 þw3;
where w1 is a function of the ﬁrst two invariants of the Cauchy–
Green tensors, while w3 depends on their third invariant J3 only.
Choosing either the principal invariants J1; J2 (Hong et al., 2008;
Hong et al., 2009; Chester and Anand, 2010; Baek and Pence,
2011), or the reduced principal invariants (Dolbow et al., 2004)
eJ1 ¼ J1
J
1
3
3
; eJ2 ¼ J2
J
2
3
3
ð36Þ
of the Cauchy–Green tensor as arguments of w1, and using Eq. (4)
and the equalities
J1 ¼ k2s J1n; J2 ¼ k4s J2n; J3 ¼ k6s ; ð37Þ
we arrive at the formulas
wr ¼ w1 ð1þ vcrÞ
2
3J1n; ð1þ vcrÞ
4
3J2n
 
þw3 ð1þ vcrÞ2
 
þ kBT cr ln vcr1þ vcr þ
vcr
1þ vcr
 
ð38Þ
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wr ¼ w1ðJ1n; J2nÞ þw3 ð1þ vcrÞ2
 
þ kBT cr ln vcr1þ vcr þ
vcr
1þ vcr
 
: ð39ÞFig. 1. Compressive stress r versus compressive strain . Circles: experimental data
on CR (A) and NBR (B) in compressive tests on dry () and swollen () specimens.
Stars and asterisks: predictions of the stress–strain curves for swollen samples
based on observations on dry samples by means of Eqs. (46) (H) and (49) ().2.5. Comparison with observations of swollen elastomers
It follows from Eqs. (32) and (33) that constitutive equations for
an elastomer with free energy density (38) read
T¼PIþ 2
ð1þvcrÞ
1
3
w1;1Bnw1;2ð1þvcrÞ
2
3B1n
h i0
;
~l¼ kBT ln vcr1þvcrþ
1
1þvcrþ
v
ð1þvcrÞ2
" #
þPvþ 2v
3ð1þvcrÞ
 w1;1ð1þvcrÞ
2
3J1nþ2w1;2ð1þvcrÞ
4
3J2nþ3w3;1ð1þvcrÞ2
h i
ð40Þ
and those for an elastomer with free energy density (39) are given
by
T ¼ PIþ 2
1þ vcr w1;1Bn w1;2B
1
n
 0
;
~l ¼ kBT ln vcr1þ vcr þ
1
1þ vcr þ
v
ð1þ vcrÞ2
" #
þ Pv þ 2vw3;1ð1þ vcrÞ:
ð41Þ
To examine applicability of Eqs. (40) and (41) for the analysis of
experimental data, we consider uniaxial tension–compression of
an elastomer in its dry (cr ¼ 0) and totally swollen (vcr ¼ Q0) states,
where Q0 stands for the ultimate degree of swelling. In these limit-
ing cases, chemical potential ~l is independent of time and spatial
coordinates, which implies that cr can be treated as a constant.
Under uniaxial tension–compression, tensor Fn reads
Fn ¼ ke1  e1 þ k
1
2ðe2  e2 þ e3  e3Þ; ð42Þ
where k denotes elongation ratio, em (m ¼ 1;2;3) are unit vectors of
a Cartesian coordinate frame in the reference (swollen and unde-
formed) state, and  stands for tensor product. Inserting Eq. (42)
into Eq. (40), and taking into account that the Cauchy stress tensor
is given by
T ¼ rke1  e1; ð43Þ
where r denotes engineering tensile stress, we arrive at the formula
r ¼ 2
ð1þ vcrÞ
1
3
w1;1 þw1;2k ð1þ vcrÞ
2
3
h i
k 1
k2
 
: ð44Þ
Denote by rdryðkÞ and rswollenðkÞ stress–strain dependencies for
uniaxial tension of an elastomer in its dry and swollen states. For a
neo–Hookean material with
w1 ¼ G2 ðJ1  3Þ; ð45Þ
where the constant coefﬁcient G denotes shear modulus, Eq. (44)
implies that
jrswollenðkÞj ¼ 1ð1þ Q0Þ
1
3
jrdryðkÞj; ð46Þ
where we introduce absolute values to account for both tension and
compression. When the function w1 adopts the general expression
w1 ¼
X1
m;n¼0
cmnðJ1  3ÞmðJ2  3Þm
with non-negative coefﬁcients cmn, Eq. (46) is replaced with the
inequalityjrswollenðkÞjP 1ð1þ Q0Þ
1
3
jrdryðkÞj: ð47Þ
An important shortcoming of Eqs. (46) and (47) is that they predict
observations in uniaxial tensile and compressive tests on swollen
elastomers rather poorly. For the neo–Hookean material, this was
demonstrated, for example, by Johnson and Mark (1972), de Candia
(1972), Fontaine et al. (1989a), and Fontaine et al. (1989b). More-
over, Eq. (46) implies that the elastic modulus of a swollen elasto-
mer decreases being proportional to ð1þ Q0Þ
1
3, while
observations reveal a scaling exponent that is noticeably higher
than 13 (Durning and Morman, 1993; Hedden et al., 2000; Kong
et al., 2002).
Repeating the same transformations for Eq. (41), we arrive at
the formula
r ¼ 2
1þ vcr w1;1 þ
w1;2
k
ð1þ vcrÞ
2
3
h i
k 1
k2
 
: ð48Þ
For an analog of the neo–Hookean material with
w1 ¼ 12Gð
eJ1  3Þ:
Eq. (48) implies that
jrswollenðkÞj ¼ 11þ Q0
jrdryðkÞj: ð49Þ
To demonstrate that Eqs. (46) and (49) do not provide an
acceptable agreement with observations, we refer to experimental
data in uniaxial compressive tests on chloroprene (CR) and nitrile
butadiene (NBR) rubbers reinforced with 25wt.% of carbon black
(Chai et al., 2013). Experimental data on dry and swollen (im-
mersed into a bath with a palm biodiesel for 30 days) elastomers
in compressive tests with cross-head speed 0.1 mm/s are depicted
in Figs. 1A and 1B together with predictions of the response of
swollen specimens by means of Eqs. (46) and (49) (with
Q0 ¼ 1:04 for CR and Q0 ¼ 0:22 for NBR).
As another set of experimental data, we consider observations
on vulcanized butadiene rubber (BR) under uniaxial tension with
strain rate _ ¼ 2  103 s1 (Bitoh et al., 2010). Stress–strain curves
for dry and fully swollen [in bis (2-ethylhexyl) adipate] elastomers
are presented in Fig. 2 together with predictions of the response of
swollen specimens by means of Eqs. (46) and (49) (with
Q0 ¼ 1:94).
Fig. 2. Tensile stress r versus elongation ratio k. Circles: experimental data on BR in
tensile tests on dry () and swollen () specimens. Stars and asterisks: predictions of
the stress–strain curve for swollen sample based on observations on dry sample by
means of Eqs. (46) (H) and (49) ().
Fig. 4. Compressive stress r versus compressive strain . Circles: experimental data
on NC hydrogel in compressive tests on as-prepared () and swollen () specimens.
Stars and asterisks: predictions of the stress–strain curve for swollen sample based
on observations on as-prepared sample by means of Eqs. (46) (H) and (49) ().
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rylamide) (NIPAm) hydrogel reinforced with 8wt.% of Laponite
nanoclay (Wang et al., 2012). The nanocomposite hydrogels are
prepared by free radical polymerization of NIPAm in Laponite sus-
pensions. Stress–strain curves for as-prepared and swollen (im-
mersed into water for 1 week) nanocomposite (NC) hydrogels in
uniaxial tensile (strain rate _ ¼ 8:3  102 s1) and compressive
(strain rate _ ¼ 2  102 s1) tests are plotted in Figs. 3 and 4 to-
gether with predictions of the response of swollen specimens by
means of Eqs. (46) and (49) (with Q0 ¼ 3:09).
Figs. 1–4 serve as unambiguous evidence that the constitutive
equations based on Eq. (38) predict poorly observations on swollen
elastomers and are inapplicable for ﬁtting experimental data.
Although stress–strain relations grounded on Eq. (39) ensure bet-
ter approximation of observations (Fig. 4), these equations cannot
be recommended for the analysis of swelling because Eq. (41) im-
plies that chemical potential ~l depends on volumetric deformation
only (through pressure P). The latter means that shear deformation
of a specimen subjected to swelling does not affect its ultimate sol-
vent uptake Q0, which contradicts observations (Zanina andFig. 3. Tensile stress r versus elongation ratio k. Circles: experimental data on NC
hydrogel in tensile tests on as-prepared () and swollen () specimens. Stars and
asterisks: predictions of the stress–strain curve for swollen sample based on
observations on as-prepared sample by means of Eqs. (46) (H) and (49) ().Budtova, 2002; Vervoort and Budtova, 2003; Zeo et al., 2005). With
reference to these conclusions, it seems reasonable to treat the
separability hypothesis with caution and to presume the strain en-
ergy density to depend on all three principal invariants of the Cau-
chy–Green tensor.
3. A network of ﬂexible chains with constrained junctions
To develop a constitutive model for an elastomer with a non-
separable strain energy density, we adopt the approach suggested
by Flory (1977). According to it, an elastomer is treated as a com-
bination of two interpenetrating networks of ﬂexible chains with
strain energy density
wnet ¼ W1 þW2; ð50Þ
where Wm denotes strain energy density of the mth network. The
ﬁrst network involves N1 chains (per unit volume in the reference
conﬁguration) that are connected to the network by means of
entanglements, and these junctions move afﬁnely with the network
(deformation gradient for the motion of junction coincides with
that for macro-deformation). Strain energy density of the ﬁrst net-
work is described by the conventional equation
W1 ¼ 12N1kBT ðJ1  3Þ  ln J3½ 	: ð51Þ
The other network involves N2 chains (per unit volume in the refer-
ence conﬁguration) that are connected to non-afﬁne junctions
whose motion is constrained by surrounding chains. The strain en-
ergy density of the second network is given by
W2 ¼ 12N2kBTðF þ HÞ; ð52Þ
where F and H are functions of eigenvalues K1;K2;K3 of the Cau-
chy–Green tensor C and some parameter j > 0 that characterizes
severity of the entanglement constraints. These functions read
(Flory, 1977; Flory and Erman, 1982)
F ¼
X3
m¼1
½bm  lnð1þ bmÞ	; H ¼
X3
m¼1
½dm  lnð1þ dmÞ	; ð53Þ
where
bm ¼ j2 Km  1ðKm þ jÞ2
; dm ¼ jKm Km  1ðKm þ jÞ2
: ð54Þ
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To develop stress–strain relations for an elastomer subjected to
swelling, we, ﬁrst, replace the eigenvalues Km in Eqs. (53) and (54)
with principal invariants Jm. Omitting straightforward calculations,
we arrive at the formulas
F ¼ F1  F2; H ¼ H1  H2; ð55Þ
where the quantities
F1 ¼
X3
m¼1
bm; F2 ¼
X3
m¼1
lnð1þ bmÞ;
H1 ¼
X3
m¼1
dm; H2 ¼
X3
m¼1
lnð1þ dmÞ
are determined by the formulas
F1 ¼ j
2
ðj3 þ J1j2 þ J2jþ J3Þ2
ðJ1 3Þj4 þ 4ðJ2  J1Þj3

þ ðJ1J2 2J21 þ9J3Þj2 þ2ð2J1J3  J1J2 þ3J3Þj
þðJ2J3  J22 þ 2J1J3Þ
i
;
F2 ¼ ln J3½ðj
2 þ2jÞ3 þ J1ðj2 þ 2jÞ2 þ J2ðj2 þ 2jÞ þ J3	
ðj3 þ J1j2 þ J2jþ J3Þ2
;
H1 ¼ jðj3 þ J1j2 þ J2jþ J3Þ2
ðJ21 2J2  J1Þj4 þ2ðJ1J2 2J2 3J3Þj3
h
þð2J22  J1J2 9J3Þj2 þ4J3ðJ2  J1Þjþ J3ð3J3  J2Þ
i
;
H2 ¼ ln 1ðj3 þ J1j2 þ J2jþ J3Þ2
j6 þ ðJ21 þ J1 2J2Þj5
h
þðJ21 þ J22 þ J1J2  J2  2J1J3  3J3Þj4
þ ð2J22 þ J1J2 þ J3ðJ2 3J1 þ J3 2ÞÞj3
þðJ22 þ J3ð2J2  J1 þ 3J3ÞÞj2 þ J3ðJ2 þ 3J3Þjþ J23
i
: ð56Þ
Although Eqs. (55) and (56) are not overly complicated, it seems
reasonable to simplify them for analytical treatment. Following
Drozdov and Christiansen (2006), we presume the parameter j
to be small, j
 1, while concentration of constrained junctions
N2 to be large compared with N1 in such a way that j2N2 has
the same order of magnitude as N1. Expanding F1 and F2 into ser-
ies in j and neglecting terms beyond the third order of smallness,
we ﬁnd that
F1¼ F2¼j
2
J3
2J1þ J2
J22
J3
 !
þ2j
3
J23
2J1J33J1J2þ3J3 J22 1
J2
J3
  
;
which implies that
F ¼ 0 ð57Þ
with the required level of accuracy. Expanding H1 and H2 into series
in j and disregarding terms beyond the second order of smallness,
we obtain
H1 ¼ j 3 J2J3
 
þ 2j
2
J23
J22  ð2J1 þ J2ÞJ3
h i
;
H2 ¼ j 3 J2J3
 
þ j
2
J23
3
2
J22  ð3J1 þ J2ÞJ3 
3
2
J23
 
:
It follows from these equalities and Eq. (55) that
H ¼ j
2
2
J2
J3
 2
 2 J1 þ J2
J3
þ 3
" #
: ð58ÞSubstituting Eqs. (57) and (58) into Eq. (52), and using Eqs. (50),
(51), we arrive at the formula
wnet ¼
1
2
G1 ðJ1  3Þ  ln J3½ 	 þ
1
2
G2
J2
J3
 2
 2 J1 þ J2
J3
þ 3
" #
; ð59Þ
where
G1 ¼ N1kBT; G2 ¼ 12j
2N2kBT:
It follows from Eqs. (4), (35), (34), (37), and (59) that
wr ¼
1
2
G1 ð1þ vcrÞ
2
3J1n  3
 
 2 lnð1þ vcrÞ
h i
þ 1
2
G2
J22n  2J1n
ð1þ vcrÞ
4
3
 2J2n
ð1þ vcrÞ
2
3
þ 3
" #
þ kBT cr ln vcr1þ vcr þ
vcr
1þ vcr
 
: ð60Þ
Substitution of Eq. (60) into Eqs. (32) and (33) results in the stress–
strain relation
T ¼ PIþ 1
1þ vcr G1ð1þ vcrÞ
2
3  2G2
ð1þ vcrÞ
4
3
" #
Bn
(
 2G2
ð1þ vcrÞ
2
3
J2n
ð1þ vcrÞ
2
3
 1
" #
B1n
)0
ð61Þ
and the formula for chemical potential
~l ¼ kBT ln vcr1þ vcr þ
1
1þ vcr þ
v
ð1þ vcrÞ2
" #
þ Pv
þ G1v
3ð1þ vcrÞ ð1þ vcrÞ
2
3J1n  3
h i
 2G2v
3ð1þ vcrÞ
5
3
J22n  2J1n
ð1þ vcrÞ
2
3
 J2n
" #
: ð62Þ
An advantage of constitutive Eqs. (32), (61), and (62) is that they (i)
are grounded on a transparent physical model, and (ii) involve only
two adjustable mechanical parameters G1;G2.
3.2. Fitting of observations
To evaluate accuracy of ﬁtting experimental data, we approxi-
mate the stress–strain curves depicted in Figs. 1–4. It follows from
Eqs. (32), (42), (43), and (61) that under uniaxial tension–compres-
sion, the engineering stress r reads
r ¼ 1
1þ vcr G1ð1þ vcrÞ
2
3 þ 2G2
kð1þ vcrÞ
2
3
kþ k2
ð1þ vcrÞ
2
3
 1
 !" #
ðk k2Þ:
ð63Þ
Each set of observations (stress–strain diagrams for dry (cr ¼ 0) and
swollen (vcr ¼ Q0) specimens) is approximated separately. The
coefﬁcients G1 and G2 in Eq. (63) are determined by the least-
squares method. The experimental data and results of numerical
simulation are reported in Figs. 5–9. The following conclusions
are drawn: (i) Eq. (63) describes adequately the effect of solvent
content on the mechanical response of elastomers under uniaxial
deformation, (ii) accuracy of matching observations under tension
exceeds that under compression (which may be ascribed to the fact
that engineering stress r is chosen for presentation of the data in-
stead of true stress), (iii) discrepancies between the observations
and their ﬁts by Eq. (63) are rather large. The latter may be attrib-
uted to insufﬁcient accuracy of the neo–Hookean expression (51) to
predict the strain energy density of real elastomers.
Fig. 5. Compressive stress r versus compressive strain . Circles: experimental data
on CR in compressive tests on dry () and swollen () specimens. Solid lines: results
of numerical simulation. (A) 2-parameter model with G1 ¼ 0:65 MPa,
G2 ¼ 0:21 MPa; (B) 3-parameter model with G1 ¼ 1:51 MPa, G2 ¼ 0:12 MPa,
J ¼ 1:65.
Fig. 6. Compressive stress r versus compressive strain . Circles: experimental data
on NBR in compressive tests dry () and swollen () specimens. Solid lines: results
of numerical simulation. (A) 2-parameter model with G1 ¼ 0:95 MPa,
G2 ¼ 0:12 MPa, (B) 3-parameter model with G1 ¼ 1:84 MPa, G2 ¼ 0:12 MPa,
J ¼ 0:62.
Fig. 7. Tensile stress r versus elongation ratio k. Circles: experimental data on BR in
tensile tests on dry () and swollen () specimens. Solid lines: results of numerical
simulation. (A) 2-parameter model with G1 ¼ 0:31 MPa, G2 ¼ 0:043 MPa; (B) 3-
parameter model with G1 ¼ 0:41 MPa, G2 ¼ 0:0037 MPa, J ¼ 16:7.
Fig. 8. Tensile stress r versus elongation ratio k. Circles: experimental data on NC
hydrogel in tensile tests on as-prepared () and swollen () specimens. Solid lines:
results of numerical simulation. (A) 2-parameter model with G1 ¼ 8:4 kPa,
G2 ¼ 2:4 kPa; (B) 3-parameter model with G1 ¼ 8:9 kPa, G2 ¼ 2:2 kPa, J ¼ 636:0.
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by Gent (1996) and replace Eq. (60) with its phenomenological
counterpart
wr ¼
1
2
G1 J ln 1þ ð1þ vcrÞ
2
3J1n  3
J
 !
 2 lnð1þ vcrÞ
" #
þ 1
2
G2
J22n  2J1n
ð1þ vcrÞ
4
3
 2J2n
ð1þ vcrÞ
2
3
þ 3
" #
þ kBT cr ln vcr1þ vcr þ
vcr
1þ vcr
 
; ð64Þ
where J is an additional adjustable parameter. Repeating the above
transformations, we arrive at the following expression for engineer-
ing stress:
r ¼ 1
1þ vcr
G1Jð1þ vcrÞ
2
3
J þ ð1þ vcrÞ
2
3ðk2 þ 2k1Þ  3
"
þ 2G2
kð1þ vcrÞ
2
3
kþ k2
ð1þ vcrÞ
2
3
 1
 !#
ðk k2Þ: ð65Þ
Adjustable parameters in Eq. (65) are determined by matching
observations presented in Figs. 1–4. The parameter J is found by
the method of nonlinear regression, and the coefﬁcients G1;G2 are
calculated by the least-squares technique. Figs. 5–9B demonstrate
good agreement between the experimental data and results of
numerical simulation for all sets of observations. Two results are
worth to be mentioning: (i) when two-parameter model (64) en-
sures good ﬁt of experimental data, the best ﬁt parameters G1 and
G2 in Eq. (64) are close to those in Eq. (65) (Fig. 8), which means that
the model is stable, and (ii) parameters G1;G2 for NC hydrogel
determined by matching observations under tension (Fig. 8) differ
from those found by ﬁtting experimental data under compression
(Fig. 9). This may be explained by different conditions of manufac-
turing specimens for tensile and compressive experiments and dif-
ferent strain rates in mechanical tests.
Phenomenological extension (64) of Eq. (60) is introduced to
demonstrate that accuracy of ﬁtting observations can be improved
noticeably by an increase in number of adjustable parameters
without dramatic changes in the structure of Eq. (60). We do not
treat Eq. (64) as the best variant of generalization for Eq. (60) be-
cause this relation is merely phenomenological. Instead of the Gent
model, an anonymous reviewer of this work suggested to replace
Fig. 9. Compressive stress r versus compressive strain . Circles: experimental data
on NC hydrogel in compressive tests on as-prepared () and swollen () specimens.
Solid lines: results of numerical simulation. (A) 2-parameter model with
G1 ¼ 3:0 kPa, G2 ¼ 0:057 kPa; (B) 3-parameter model with G1 ¼ 4:8 kPa,
G2 ¼ 0:041 MPa, J ¼ 9:1.
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with the inverse Langevin function following the approach pro-
posed by Arruda and Boyce (1993), which seems more appropriate
from the physical standpoint. Comparison of applicability of vari-
ous variants of extension of Eq. (60) to the analysis of observations
in biaxial tests will be performed in another study.
3.3. Comparison with other theories
Our aim now is to compare strain energy density for an elasto-
mer subjected to swelling (59) with the corresponding expressions
developed by other methods.
Erman and Flory (1982) and Erman and Monnerie (1989) ex-
tended the original approach (Flory, 1977) by replacing bm in Eq.
(53) with gmbm, where gm are some functions of eigenvalues of
the Cauchy–Green tensor. This replacement ensures good agree-
ment with experimental data (Erman and Flory, 1982; Fontaine
et al., 1989a; Fontaine et al., 1989b), but it leads to noticeable com-
plication of the stress–strain relations (whose analytical treatment
becomes difﬁcult even for uniaxial tension) and an increase in
number of adjustable parameters.
Yan and Jin (2012) treated a swollen elastomer as a network of
ﬂexible chains with slip-links (Edwards and Vilgis, 1986). Although
the Edwards–Vilgis model does not belong to the class of models
grounded on the separability principle, which means that, in gen-
eral, it can describe the inﬂuence of solvent on stress–strain dia-
grams, its shortcomings are that (i) the constitutive equations
involve four adjustable parameters, and (ii) the model is overly
complicated for theoretical analysis.
Bastide et al. (1981), Bastide et al. (1984) and Durning and
Morman (1993) suggested to describe the effect of swelling on
the mechanical response of an elastomer by treating it as a net-
work of ﬂexible chains whose number (per unit volume) changes
with concentration of solvent. In other words, this means that coef-
ﬁcient G in Eq. (45) is presumed to evolve being proportional to
ð1þ vcrÞb with a constant exponent b. This modiﬁcation of the
constitutive equations allows stress–strain curves under uniaxial
tension of dry and swollen elastomers to be described quantita-
tively. However, applicability of this approach (with b treated as
a material constant) to other regimens of deformation (equi-biaxial
extension, shear, etc.) has not yet been examined.Cai and Suo (2012) proposed to reject the incompressibility
assumption (1), to ﬁnd pressure P by matching observations under
uniaxial tension, and to connect the obtained dependency with
concentration of solvent by means of a phenomenological relation.
This approach results in an adequate description of stress–strain
diagrams, but does not allow (without introduction of additional
hypotheses) to predict experimental data under an arbitrary
three-dimensional deformation.
4. Mechanical response under rapid and slow deformation
When a totally swollen elastomer (with degree of swelling Q0)
is immersed into the solvent and subjected to uniaxial tension–
compression, its degree of swelling Q ¼ vcr increases under ten-
sion and decreases under compression. Observations reveal that
changes in Q are time-dependent and they result in a strong
dependence of stress–strain diagrams on strain rate (Konda et al.,
2011). Our aim now is (i) to demonstrate that the constitutive
model with free energy density (60) can describe this phenome-
non, and (ii) to examine the inﬂuence of the Flory–Huggins param-
eter v on the dependence of degree of swelling Q on elongation
ratio k. To simplify the analysis, we concentrate on two limiting re-
gimes of stretching: (i) tension with a high strain rate _k, when the
effect of mass exchange with the environment may be disregarded,
and (ii) tension with a low strain rate when thermodynamic equi-
librium is established at any elongation ratio k.
Keeping in mind that under uniaxial tension
P ¼ 1
3
rk;
we ﬁnd from Eqs. (62) and (63) that
~l ¼ kBT ln vcr1þ vcr þ
1
1þ vcr þ
v
ð1þ vcrÞ2
" #
þ v
1þ vcr
G1
k
þ 2G2k
ð1þ vcrÞ
4
3
" #
ð1þ vcrÞ
2
3  k
h i
: ð66Þ
The condition of thermodynamic equilibrium reads
~l ¼ ~l0; ð67Þ
where ~l0 stands for chemical potential per molecule of solvent in
the bath. Taking into account that the elastomer has been in its
equilibrium state before its deformation starts, we write
l0 ¼ ln Q0
1þ Q0
þ 1
1þ Q0
þ v
ð1þ Q0Þ2
þ 1
1þ Q0
g1 þ
2g2
ð1þ Q0Þ
4
3
 !
ð1þ Q0Þ
2
3  1
 
; ð68Þ
where
l0 ¼ ~l
0
kBT
; g1 ¼
G1v
kBT
; g2 ¼
G2v
kBT
: ð69Þ
Combination of Eqs. (66) and (67) results in the nonlinear equation
for degree of swelling Q
ln
Q
1þ Q þ
1
1þ Q þ
v
ð1þ QÞ2
þ 1
1þ Q
g1
k
þ 2g2k
ð1þ QÞ43
 !
ð1þ QÞ23  k
 
¼ l0: ð70Þ
We begin with the analysis of Eq. (68) for NC hydrogel at room
temperature. The ratio
g2
g1
¼ 0:139 ð71Þ
Fig. 11. Degree of swelling Q versus elongation ratio k. Symbols: results of
numerical simulation with various v nm3 ( – v ¼ 0:61,  – v ¼ 1:22; H – v ¼ 1:82;
} – v ¼ 2:43;   v ¼ 3:04) for v ¼ 0:5 (A) and v ¼ 1:5 (B).
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Dependencies of ultimate degree of swelling Q0 on chemical poten-
tial of solvent in the bath l0 are depicted in Figs. 10A and 10B for
‘‘small’’ and ‘‘large’’ values of g1 and the entire interval where the
Flory–Huggins parameter v changes from 0.5 (poor solvent) to
1:5 (very good solvent). Given l0, Eq. (68) is solved numerically
by the Newton–Rawson method with 100 iterations.
The following conclusions are drawn from Fig. 10: (i) the graphs
depicted in Fig. 10A are similar to those reported by Hong et al.
(2009) and Yan and Jin (2012), to mention a few; (ii) an increase
in dimensionless parameter g1 (that characterizes strength of the
polymer network) results in substantial (by several times) decrease
in ultimate degree of swelling and ﬂattening of the curves Q0ðl0Þ;
(iii) given g1, a reduction in v (transition from poor to good sol-
vent) induced noticeable growth of ultimate degree of swelling.
We proceed with the numerical analysis of Eq. (70) for
Q0 ¼ 1:94, ratio (71), two values of the Flory–Huggins parameter
(v ¼ 0:5 and v ¼ 1:5) for good solvents, and various g1 ranging
from 0.05 to 0.25 (according to Eq. (69), these values correspond to
v changing in the interval between 0.61 and 3.04 nm3 at ambient
temperature). Results of simulation are reported in Figs. 11A
(v ¼ 0:5) and 11B (v ¼ 1:5) where Q is plotted versus elonga-
tion ratio k.
Fig. 11 demonstrates that (i) for a ﬁxed k, an increase in g1
accelerates solvent uptake, and (ii) given g1, elongation of a speci-
men causes a pronounced (by several times) increase in degree of
swelling Q, in accord with experimental data. Comparison of
Figs. 11A and 11B leads to an unexpected conclusion that a de-
crease in v (improvement of the solvent quality) causes a decay
of Q. This result is explained by interaction of parameters l0 and
v: when Q0 is ﬁxed, for a relatively poor solvent (v ¼ 0:5), l0 is
close to zero, which means that the effect of mechanical factors
(the last term in the left-hand side of Eq. (70)) is substantial, while
for a good solvent (v ¼ 1:5), l0 is negative and large, which im-
plies that the inﬂuence of strain energy density of the polymer net-
work becomes negligible.
It is worth noting that simulation was performed for the values
of v that strongly exceed volume of a water molecule
vwater ¼ 1:09  102 nm3. Calculation of parameters g1 and g2 with
vwater results in
g1 ¼ 2:43  105; g2 ¼ 6:94  106:Fig. 10. Degree of swelling Q versus chemical potential of solvent l0. Symbols:
results of numerical simulation with v ¼ 0 (), v ¼ 0:5 (), v ¼ 1:5 (H) for
g1 ¼ 0:05 (A) and g1 ¼ 0:25 (B).Analysis of Eq. (70) with these coefﬁcients reveal practically no in-
crease in Q with k in contrast with observations.
Finally, we compare two solutions of Eq. (63). The ﬁrst corre-
sponds to slow stretchingr ¼ 1
1þ Q G1ð1þ QÞ
2
3 þ 2G2
kð1þ QÞ23
kþ k2
ð1þ QÞ23
 1
 !" #
ðk k2Þ;
ð72Þwhere Q is determined from Eq. (70), while the other corresponds to
rapid stretching with Q ¼ Q0. Results of numerical simulation are
depicted in Fig. 12 (tension) and Fig. 13 (compression). These ﬁg-
ures show that a decrease in strain rate (in our case, transition from
rapid to slow deformation) induces a substantial decrease in r un-
der tension and a noticeable growth of jrj under compression due
to diffusion of solvent inside (outside) the hydrogel. This conclusion
is in qualitative agreement with experimental data in tensile tests
with various strain rates on poly (acrylamide) hydrogels (Konda
et al., 2011).Fig. 12. Tensile stress r versus elongation ratio k. Symbols: results of numerical
simulation with v ¼ 0:5 for rapid () and slow tension with various v nm3 ( –
v ¼ 0:61; H – v ¼ 1:82; } – v ¼ 3:04;  – v ¼ 4:26).
Fig. 13. Compressive stress r versus compressive strain . Symbols: results of
numerical simulation with v ¼ 0:5 for rapid () and slow compression with
various v nm3 ( – v ¼ 0:61; H – v ¼ 1:82; } – v ¼ 3:04;  – v ¼ 4:26).
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Constitutive equations are developed for the mechanical re-
sponse of elastomers subjected to swelling under an arbitrary
three-dimensional deformation with ﬁnite strains.
Results of numerical simulation demonstrate that models with
free energy density based on separability principle (38) fail to de-
scribe adequately stress–strain diagrams for dry and swollen spec-
imens under uniaxial tension and compression. A novel expression,
Eq. (60), is derived for the speciﬁc free energy with reference to the
concept of networks of ﬂexible chains with constrained junctions.
An advantage of Eq. (60) is that it involves two adjustable param-
eters only and provides an acceptable approximation of observa-
tions. Phenomenological extension (64) of Eq. (60) is introduced
that involves three material constants and ensures good agreement
with experimental data.
The model is applied to evaluate the mechanical response of
swollen elastomers under uniaxial tension–compression with high
(no transport of solvent) and slow (at each elongation ratio, ther-
modynamic equilibrium is reached) strain rates. Results of numer-
ical simulation show that changes in tensile stress driven by
diffusion of solvent can be predicted correctly when volume of a
solvent molecule v is treated as an adjustable parameter (it equals
volume of a cluster involving 10 to 100 molecules).
Acknowledgement
Financial support by the EU Commission through project Evolu-
tion–314744 is gratefully acknowledged. The authors are thankful
to anonymous reviewers for their comments and valuable
suggestions.
References
Arruda, E.M., Boyce, M.C., 1993. A three-dimensional constitutive model for the
large stretch behavior of rubber elastic materials. J. Mech. Phys. Solids 41, 389–
412.
Baek, S., Pence, T.J., 2011. Inhomogeneous deformation of elastomer gels in
equilibrium under saturated and unsaturated conditions. J. Mech. Phys. Solids
59, 561–582.
Bastide, J., Candau, S., Leibler, L., 1981. Osmotic deswelling of gels by polymer
solutions. Macromolecules 14, 719–726.
Bastide, J., Duplessix, R., Picot, C., Candau, S., 1984. Small angle neutron scattering
and light spectroscopy investigation of polystyrene gels under osmotic
deswelling. Macromolecules 17, 83–93.Bitoh, Y., Akuzawa, N., Urayama, K., Takigawa, T., 2010. Strain energy function of
swollen polybutadiene elastomers studied by general biaxial strain testing. J.
Polym. Sci. B: Polym. Phys. 48, 721–728.
Bouklas, N., Huang, R., 2012. Swelling kinetics of polymer gels: comparison of linear
and nonlinear theories. Soft Matter 8, 8194–8203.
Buenger, D., Topuz, F., Groll, J., 2012. Hydrogels in sensing applications. Prog. Polym.
Sci. 37, 1678–1719.
Cai, S., Suo, Z., 2012. Equations of state for ideal elastomeric gels. Eur. Phys. Lett. 97,
34009.
Chai, A.B., Andriyana, A., Verron, E., Johan, M.R., 2013. Mechanical characteristics of
swollen elastomers under cyclic loading. Mater. Des. 44, 566–572.
Chester, S.A., 2012. A constitutive model for coupled ﬂuid permeation and large
viscoelastic deformation in polymeric gels. Soft Matter 8, 8223–8233.
Chester, S.A., Anand, L., 2010. A coupled theory of ﬂuid permeation and large
deformations for elastomeric materials. J. Mech. Phys. Solids 58, 1879–
1906.
Chester, S.A., Anand, L., 2011. A thermo-mechanically coupled theory for ﬂuid
permeation in elastomeric materials: application to thermally responsive gels. J.
Mech. Phys. Solids 59, 1978–2006.
Choi, J., Bodugoz-Senturk, H., Kung, H.J., Malhi, A.S., Muratoglu, O.K., 2007. Effects of
solvent dehydration on creep resistance of poly(vinyl alcohol) hydrogel.
Biomaterials 28, 772–780.
de Candia, F., 1972. Compression behavior of natural rubber vulcanized in the
swollen state. Macromolecules 5, 102–104.
Deligkaris, K., Tadele, T.S., Olthuis, W., van den Berg, A., 2010. Hydrogel-based
devices for biomedical applications. Sens. Actuators B 147, 765–774.
Doi, M., 2009. Gel dynamics. J. Phys. Soc. Jpn. 78, 052001.
Dolbow, J., Fried, E., Ji, H., 2004. Chemically induced swelling of hydrogels. J. Mech.
Phys. Solids 52, 51–84.
Drozdov, A.D., Christiansen, J.deC., 2006. Constitutive equations for the nonlinear
elastic response of rubbers. Acta Mech. 185, 31–65.
Du, A., Koo, D., Theryo, G., Hillmyer, M.A., Cairncross, R.A., 2012. Water transport
and clustering behavior in homopolymer and graft copolymer polylactide. J.
Membr. Sci. 396, 50–56.
Duda, F.P., Souza, A.C., Fried, E., 2010. A theory for species migration in ﬁnitely
strained solid with application to polymer network swelling. J. Mech. Phys.
Solids 58, 515–529.
Durning, C.J., Morman, K.N., 1993. Nonlinear swelling of polymer gels. J. Chem. Phys.
98, 4275–4293.
Edwards, S.F., Vilgis, T.A., 1986. The effect of entanglements in rubber elasticity.
Polymer 27, 483–492.
Erman, B., Flory, P.J., 1982. Relationships between stress, strain, and molecular
constitution of polymer networks. Comparison of theory with experiments.
Macromolecules 15, 806–811.
Erman, B., Monnerie, L., 1989. Theory of elasticity of amorphous networks: effect of
constraints along chains. Macromolecules 22, 3342–3348.
Flory, P.J., 1977. Theory of elasticity of polymer networks. The effect of local
constraints on junctions. J. Chem. Phys. 66, 5720–5729.
Flory, P.J., Erman, B., 1982. Theory of elasticity of polymer networks. 3.
Macromolecules 15, 800–806.
Flory, P.J., Rehner, J., 1943. Statistical mechanics of crosslinked polymer networks II.
Swelling. J. Chem. Phys. 11, 521–526.
Fontaine, F., Morland, C., Noel, C., Monnerie, L., Erman, B., 1989a. Mechanical
properties of dry and swollen cis-1,4-polyisoprene networks in simple
tension: experiment and comparison with theory. Macromolecules 22,
3348–3352.
Fontaine, F., Noel, C., Monnerie, L., Erman, B., 1989b. Stress–strain-swelling behavior
of amorphous polymeric networks: comparison of experimental data with
theory. Macromolecules 22, 3352–3355.
Gent, A.N., 1996. A new constitutive relation for rubber. Rubber Chem. Technol. 69,
59–61.
Hedden, R.C., Saxena, H., Cohen, C., 2000. Mechanical properties and swelling
behavior of end-linked poly(diethylsiloxane) networks. Macromolecules 33,
8676–8684.
Hong, W., Zhao, X., Zhou, J., Suo, Z., 2008. A theory of coupled diffusion and large
deformation in polymeric gels. J. Mech. Phys. Solids 56, 1779–1793.
Hong, W., Liu, Z., Suo, Z., 2009. Inhomogeneous swelling of a gel in equilibrium with
a solvent and mechanical load. Int. J. Solids Struct. 46, 3282–3289.
Hui, C.-Y., Long, R., 2012. A constitutive model for the large deformation of a self-
healing gel. Soft Matter 8, 8209–8216.
Johnson, R.M., Mark, J.E., 1972. Properties of poly(dimethylsiloxane) networks
prepared in solution, and their use in evaluating the theories of rubberlike
elasticity. Macromolecules 5, 41–45.
Kalyanam, S., Yapp, R.D., Insana, M.F., 2009. Poro-viscoelastic behavior of gelatin
hydrogels under compression—Implications for bioelasticity imaging. Trans.
ASME J. Biomech. Eng. 131, 081005.
Konda, A., Urayama, K., Takigawa, T., 2011. Strain-rate-dependent Poisson’s ratio
and stress of polymer gels in solvent revealed by ultraslow stretching.
Macromolecules 44, 3000–3006.
Kong, H.-J., Lee, K.Y., Mooney, D.J., 2002. Decoupling the dependence of rheological/
mechanical properties of hydrogels from solids concentration. Polymer 43,
6239–6246.
Lou, Y., Robisson, A., Cai, S., Suo, Z., 2012. Swellable elastomers under constraint. J.
Appl. Phys. 112, 034906.
Lucantonio, A., Nardinocchi, P., Teresi, L., 2013. Transient analysis of swelling-
induced large deformations in polymer gels. J. Mech. Phys. Solids 61, 205–218.
1504 A.D. Drozdov, J.deC. Christiansen / International Journal of Solids and Structures 50 (2013) 1494–1504Messing, R., Schmidt, A.M., 2011. Perspectives for the mechanical manipulation of
hybrid hydrogels. Polym. Chem. 2, 18–32.
Stuart, M.A.C., Huck, W.T.S., Genzer, J., Muller, M., Ober, C., Stamm, M., Sukhorukov,
G.B., Szleifer, I., Tsukruk, V.V., Urban, M., Winnik, F., Zauscher, S., Luzinov, I.,
Minko, S., 2010. Emerging applications of stimuli-responsive polymer materials.
Nat. Mater. 9, 101–113.
Urayama, K., Takigawa, T., 2012. Volume of polymer gels coupled to deformation.
Soft Matter 8, 8017–8029.
Vervoort, S., Budtova, T., 2003. Evidence of shear-induced polymer release from a
swollen gel. Polym. Int. 52, 553–558.
Wang, T., Liu, D., Lian, C., Zheng, S., Liu, X., Tong, Z., 2012. Large deformation
behavior and effective network chain density of swollen poly(N-isopropylacrylamide)-Laponite nanocomposite hydrogels. Soft Matter 8, 774–
783.
Yan, H., Jin, B., 2012. Inﬂuence of microstructural parameters on mechanical
behavior of polymer gels. Int. J. Solids Struct. 49, 436–444.
Zanina, A., Budtova, T., 2002. Hydrogel under shear: a rheo-optical study of the
particle deformation and solvent release. Macromolecules 35, 1973–1975.
Zeo, U., Tarabukina, E., Budtova, T., 2005. Kinetics of shear-induced gel deswelling/
solvent release. J. Controlled Release 108, 73–83.
Zhang, D., Duan, J., Wang, D., Ge, S., 2010. Effect of preparation methods on
mechanical properties of PVA/HA composite hydrogel. J. Bionic Eng. 7, 235–243.
Zhou, J., Huang, G., Li, M., Soh, A.K., 2010. Stress evolution in a phase-separating
polymeric gel. Modell. Simul. Mater. Sci. Eng. 18, 025002.
